Aims/hypothesis. We studied the impact of the reactive oxygen species hydrogen peroxide (H 2 O 2 ) and antioxidative enzymes on the pathogenesis of diabetes induced by multiple low doses of streptozotocin (MLD-STZ). Methods. We isolated the islets of C57BL/6 mice. For ex vivo analyses, mice had been injected with MLD-STZ. For in vitro analyses, islets were incubated with different concentrations of STZ, with either of the two moieties of STZ, methylnitrosourea and D-glucose, with H 2 O 2 or with alloxan. Levels of H 2 O 2 generation were measured by the scopoletin method. We assessed mRNA expression of Cu/Zn and Mn superoxide dismutase, catalase, and glutathione peroxidase (GPX) by semiquantitative polymerase chain reaction. GPX activity was measured spectrophotometrically. In vitro, beta cell function was assayed by measuring basal and D-glucose-stimulated release of immunoreactive insulin using an ELISA kit.
Introduction
Type 1 diabetes is considered to be the result of a multifactorial process also involving T-cell-mediated inflammatory immune reactions [1, 2] . Reactive oxygen species (ROS) and nitrogen monoxide are implicated as mediators of beta cell destruction in animal models of diabetes [2, 3, 4] . There is substantial indirect evidence for the participation of ROS in the pathogenesis of diabetes, in particular the fact that the overexpression of antioxidants targeted at beta cells protects against the disease. Thus, overexpression of the super-oxide radical (O 2 −· )-scavenging enzyme, Cu/Zn superoxide dismutase (SOD), protects against alloxaninduced diabetes [5] ; the hydrogen peroxide (H 2 O 2 )-converting enzyme, catalase, delays hyperglycaemia induced with one single high dose of streptozotocin (HD-STZ) [6] ; the redox-active protein, thioredoxin, markedly reduces the cumulative incidence of spontaneous diabetes in non-obese diabetic mice and HD-STZ-induced diabetes [7] ; and the ROS-scavenging protein, metallothionein, reduces HD-STZ-induced hyperglycaemia [8] . Lenzen et al. [9, 10, 11] have reported that overexpression of antioxidative enzymes in insulin-producing RINm5F cells also protects against oxidative stress. Their results clearly indicate that beta cells can counteract ROS by acquiring sufficient defence mechanisms, but direct measurements of ROS levels were not taken. Nevertheless, since insulin-producing cells appear particularly vulnerable to oxidative stress, probably due to their low levels of ROS-scavenging enzymes [12] , their targeted overexpression may confer resistance.
In the putative Type 1 diabetes model induced with multiple low doses of streptozotocin (MLD-STZ) in male mice of susceptible strains, T-cell-dependent inflammatory immune reactions [13] are required subsequent to damage of the beta cell GLUT2 [14] for the disease to develop. Local production of pro-inflammatory cytokines [15] and activation of the transcription factors nuclear factor kappa B (NF-κB) and activator protein 1 [16] in isolated islets are associated with MLD-STZ diabetes. Pro-inflammatory cytokines may produce ROS [17] , which activate the sensitive NF-κB [18] involved in gene activation of cytokines. These interactions may sustain chronic inflammatory processes. Hence, MLD-STZ diabetogenesis appears to involve more complex mechanisms than the capacity of STZ to alkylate DNA as reported for in vitro systems [19, 20] . Since we have already reported generation of ROS in pancreatic islets after incubation with STZ in vitro [21] , we aimed in this study to elucidate the impact of local H 2 O 2 generation and antioxidant responses in islets in MLD-STZ diabetogenesis.
Materials and methods

Animals.
We obtained 5 to 6-week-old C57BL/6 mice of both sexes from Harlan Winkelmann (Borchen, Germany). Mice were 7 to 8 weeks old at the beginning of the experiments. They were kept under specific pathogen-free conditions and were given a rodent diet (ssniff diet for mice, Soest, Germany) and free access to drinking water. The animal studies were conducted in accordance with the "Principles of laboratory animal care" as well as with the current version of the German law on the protection of animals.
Materials. Collagenase (0.42 U/mg) and Tris were supplied by Serva (Heidelberg, Germany). D-glucose, catalase, scopoletin (7-hydroxy-6-methoxy-2H-1-benzopyrane-2-on, 6-methoxyumbelliferone), alloxan, methylnitrosourea, horse-radish peroxidase (HRP), glutathione peroxidase (GPX), EDTA, RPMI 1640 culture medium and H 2 O 2 were purchased from Sigma (Deisenhofen, Germany). Penicillin-streptomycin was purchased from Gibco (Eggenstein, Germany), lymphocyte separation medium from Biochrom (Berlin, Germany), and FCS from Invitrogen (Karlsruhe, Germany). Reagents for KRB and t-butylhydroperoxide were supplied by Merck (Darmstadt, Germany). NADPH, glutathione, glutathione reductase and STZ were purchased from Roche Diagnostics (Mannheim, Germany), protein assay dye reagent was obtained from BioRad (Munich, Germany), and the mouse insulin ELISA was purchased from Mercodia (Uppsala, Sweden).
Treatment of mice.
To induce diabetes, mice were injected i.p. with MLD-STZ (5×40 mg STZ/kg body weight on 5 consecutive days) [22] . STZ was dissolved in 0.1 mol/l sodium citrate buffer (pH 4.0) at a concentration of 0.4% and injected within 5 min. Solvent-injected mice and MLD-STZ-injected female mice served as controls. Untreated mice were not included as controls, since previous studies have demonstrated that the results correspond to those obtained in solvent-treated mice [23] . By using solvent-injected control groups, non-specific effects due to i.p. injections are taken into account. Pancreatic islets were isolated from solvent-injected mice on day 3 after the final injection and from MLD-STZ-injected mice on day 1 and/or day 3 after the final injection. These time points were chosen because islets isolated from comparable treated groups did not differ significantly in number [24] and in total protein levels (µg/islet) [14] . An essential contribution of contaminating leukocytes as an H 2 O 2 donor is excluded by using islets isolated on day 1 and/or day 3 after the final STZ injection. Any immune responses are only initiated, and mononuclear cell infiltrates, if at all present, are minimal [25] .
Isolation and treatment of islets. Pancreatic islets were isolated by collagenase digestion as described previously [24] , and cultured free-floating in RPMI 1640 medium containing 5.6 mmol/l D-glucose, 10% FCS, 100 U/ml penicillin and 0.1 mg/ml streptomycin in an atmosphere of 95% air and 5% CO 2 at 37°C for 2 h. To analyse H 2 O 2 generation induced by MLD-STZ in vivo or STZ in vitro, groups of 150 islets were kept in 2700 µl KRB without BSA at 37°C. To compare STZmediated H 2 O 2 levels with the potent H 2 O 2 -generating compound, alloxan, islets were incubated with the latter diabetogen using concentrations equimolar to STZ. In vitro, islets were incubated with 1, 3, 6 or 10 mmol/l STZ or with 0.5, 1, 2, 4, 6 or 10 mmol/l alloxan at 37°C for 30 min. STZ was dissolved in sodium citrate; alloxan was dissolved in saline (0.9%). Islets incubated with only the solvent served as controls. To investigate which of the two moieties of STZ induces H 2 O 2 generation, islets were incubated with 1, 3 or 6 mmol/l methylnitrosourea or 1, 3, 6, 10 or 20 mmol/l D-glucose at 37°C for 30 min. In these experiments, both substances were dissolved in sodium citrate buffer (pH 4.0). Islets treated with only the solvent served as controls. At the end of the incubation period, the supernatants were immediately removed and used for H 2 O 2 analysis.
To test ex vivo effects of MLD-STZ or in vitro effects of STZ on GPX activity, groups of islets of 4 donor mice were isolated and pooled. For GPX activity measurements, 300 islets of the different experiments were homogenised. For ex vivo measurements, islets of MLD-STZ-injected mice of both sexes were isolated on day 1 and/or day 3 after the final injection. Islets of solvent-injected mice served as controls. In vitro, islet cultures were incubated with 6 mmol/l STZ at 37°C for 30 min; solvent-treated cultures served as controls. To analyse the effects of H 2 O 2 and STZ on beta cell function in vitro, islet cultures were set up for basal and glucose-stimulated release of immunoreactive insulin (IRI) as previously described [26] with slight modifications. Triplicates of 10 islets were suspended in 230 µl KRB in culture plates, and 20 µl of an H 2 O 2 or STZ solution were added to obtain the required concentrations. Cultures supplemented with KRB, the solvent of H 2 O 2 , or sodium citrate, the solvent of STZ, served as controls. For measuring basal IRI, islets of each culture were transferred into 500 µl KRB and incubated at 37°C for 60 min, and the medium was collected for measurement. For measuring stimulated IRI, islets were transferred to another well containing 480 µl KRB supplemented with a final concentration of 16.7 mmol/l D-glucose. They were then incubated for 60 min at 37°C before the medium was collected for measurement. All medium samples were kept at −20°C until IRI measurement.
Measuring H 2 O 2 .
To investigate whether MLD-STZ-induced H 2 O 2 generation is associated with diabetes, H 2 O 2 levels were measured in islets ex vivo of MLD-STZ-injected diabetes-susceptible male mice and diabetes-resistant female mice. H 2 O 2 levels were measured by the scopoletin method [27, 28] . Briefly, 20 µl HRP and 10 µl scopoletin were added to 2700 µl of the supernatant of an islet culture. In the presence of HRP, scopoletin is oxidised by H 2 O 2 and loses its fluorescence capacity, which was continuously measured by excitation (350 nm) and emission spectra (460 nm) with a Perkin-Elmer LS-5 Luminescence spectrometer (Beckmann, DU 650, Munich, Germany) for 10 min. To test the effects of antioxidants on STZ-induced H 2 O 2 generation, 20 µl of the H 2 O 2 -metabolising enzyme, catalase (1000 U/ml) were added to the supernatant immediately after the addition of scopoletin.
GPX assay.
To study whether the sex-dependent MLD-STZ effects on H 2 O 2 generation in islets are inversely correlated with the effects on antioxidative intracellular responses, GPX activities were measured in islets of MLD-STZ-injected mice of both sexes. GPX (Enzyme Commission 1.11.1.9) activity was assayed according to the instructions described by Paglia and Valentine [29] with slight modifications. Briefly, glutathione (1 mmol/l), NADPH (0.2 mmol/l) and glutathione reductase (0.6 U/ml) were dissolved in Tris-HCl/EDTA (50 mmol/l-5 mmol/l, pH 7.6). Tert-butyl hydroperoxide (0.22 mmol/l) was dissolved in deionised water. Homogenates of 300 islets were sonicated 3 times at 4°C for 10 seconds in 1 ml Tris/EDTA buffer (Bandelin Sonoplus HD 60; Merck).
The reaction was started by adding 70 µl of the homogenate to 1050 µl of the Tris/EDTA buffer. The NADPH oxidation rate was recorded at 340 nm for 3 min and the enzyme activity was calculated as nmol NADPH oxidised·min −1 ·mg protein −1 using a molar extinction coefficient of 6.22×10 3 ·mol/l −1 ·cm −1 . To measure total protein, 30 µl of the supernatant was used with a Bio-Rad protein assay kit.
RNA preparation and RT-PCR.
To analyse whether the effect of MLD-STZ on antioxidative enzymes is systemic or at least preferential for pancreatic islets, the mRNA expression of Cu/Zn and Mn SOD, catalase, GPX1 and GPX4 was measured in liver specimens. Total RNA was extracted from pooled islets isolated from groups of 10 mice using the Trizol reagent kit (Life Technologies, Gaitherburg, Md., USA) [30] . The donor mice had been injected with MLD-STZ or its solvent. The RNA preparation was stored at −80°C until use. By using Moloney murine leukaemia virus RT (Gibco), 1 µg of total RNA from islets was reversibly transcribed into cDNA, followed by the amplification of target genes by PCR. For the amplification of mouse Cu/Zn and Mn SOD, catalase, GPX1, GPX4 and the housekeeping gene, β-actin, as an internal control, primer pairs were commercially synthesised by MWGBiotech (Ebersberg, Germany): Cu/Zn SOD 5′-ggacctcattttaatcctc-3′, 3′-tacacaggtaacttctagc-5′; Mn SOD 5′-tcaacgccaccgaggagaagta-3′, 3′-tggagtgagtgccggtgtaac-5′; catalase 5′-cgttttacatccaggtcat-3′, 3′-gactcttcggattcttgcg-5′; GPX1 5′-gcgaagtgaatggtgagaa-3′, 3′-aacagtggaaaacctatcg-5′; GPX4 5′-cgaattctcagccaaggacat-3′, 3′-ctcacaccaaatgcttaggac-5′; β-actin 540, 5′-gtgggccgctctaggcaccaa-3′, 3′-ctcttttagatgtcacgcacgatttc-5′; β-actin 795, 5′-aagtaccccattgaacatg-3′, 3′-gtacaagttaccccatgaa-5′. The RT reaction was amplified using Taq polymerase (Roche Diagnostics). The cycle numbers were chosen to be on the linear (exponential) phase of the amplification of the seven genes: 35 for catalase, Cu/Zn SOD, and GPX4; 30 for Mn SOD and β-actin 540; 43 for GPX1; and 22 for β-actin 795. For separation, 10 µg of the amplified PCR products were loaded on 1.5% agarose gels containing ethidium bromide (0.1 µg/ml). The resulting bands were quantified by LumiAnalyst TM (Roche Diagnostics). To eliminate the possibility of genomic DNA contamination during RNA preparation, negative controls were set up for each PCR amplification using purified RNA as a template.
IRI measurement. Samples were analysed for IRI concentrations using an ELISA kit according to the manufacturer's instructions.
Data analysis. Data are means ± SEM of at least three independent experiments. For PCR, intensities of bands of PCR products were measured using a Lumi-Imager. We calculated the ratio of the intensity integral of target PCR products to that of β-actin. For statistical analyses, the unpaired Student's t test was applied. We considered a p value of less than 0.05 to be statistically significant.
Results
Effect of MLD-STZ on H 2 O 2 generation.
Significantly increased H 2 O 2 levels (p<0.05) were obtained on day 3 after the final STZ injection in islets of male mice only, compared with the results of solvent-injected controls (Fig. 1) . In islets of female mice, H 2 O 2 was not generated by MLD-STZ. The H 2 O 2 levels were similar in islets of solvent-injected control groups of both sexes. Thus, MLD-STZ stimulates H 2 O 2 generation in islets of diabetes-susceptible male mice only. Figure 2 , in islets of male mice, the GPX activity was significantly reduced by MLD-STZ on day 1 after the final injection compared with the solvent-injected controls (p<0.001). On day 3 after the final injection, the activity was comparable to that of the control islets. However, in islets of female mice, MLD-STZ stimulated GPX activities significantly on day 3 after the final STZ-injection (p<0.01). Furthermore, on day 1 after the final STZ-injection, the GPX activity was significantly higher in female mice than in male mice (p<0.001), which had reduced GPX activity. Thus, resistance against MLD-STZ-induced H 2 O 2 generation and diabetes is associated with the up-regulation of GPX activity, which detoxifies H 2 O 2 to H 2 O and O 2 .
Effect of MLD-STZ on GPX activity. As shown in
Effect of MLD-STZ on cellular antioxidative enzymes.
The resistance of female mice to MLD-STZ diabetes may rely upon the up-regulation of several antioxidative enzymes. As illustrated in Figure 3 , in islets of MLD-STZ-injected male mice, the levels of mRNA expression of Cu/Zn and Mn SOD, catalase, GPX1 and GPX4 did not significantly change on day 1 and day 3 after the final injection compared with solventinjected controls. In contrast, in islets of female mice, MLD-STZ significantly stimulated up-regulation of all five enzymes. MLD-STZ did not affect the levels of these five enzymes in liver specimens (shown for Mn SOD as an example in Fig. 4 (Fig. 6a, b) . Clearly, transportation of STZ into beta cell compartments by GLUT2 is required for H 2 O 2 generation. A significant H 2 O 2 generation (p<0.05) was only obtained after incubation with 10 mmol/l alloxan (Fig. 6c) , which, although markedly lower, did not differ significantly compared with the highest level induced with STZ (6 mmol/l). Note that 10 mmol/l of both STZ and alloxan are highly toxic and result in immediate beta cell destruction. The differences in the control cultures are probably due to variabilities inherent to complex methods and multifactorial systems. Islets were isolated on day 3 (3) after the final injection. MLD-STZ stimulated significant H 2 O 2 generation in islets of male mice only. Data are means ± SEM of three independent experiments. *p<0.05 Fig. 2 . Ex vivo levels of glutathione peroxidase (GPX) activity in groups of 300 pancreatic islets isolated from C57BL/6 mice of both sexes that had been injected with multiple low doses of streptozotocin, or with the solvent as controls (C). Islets were isolated on day 1 (1) and day 3 (3) after the final injection. Data are means ± SEM of three independent experiments. The GPX activity was significantly reduced on day 1 in islets of male mice, but significantly increased on day 3 in those of female mice. **p<0.01; ***p<0.001 Fig. 3 . Ex vivo RT-PCR determination of Cu/Zn superoxide dismutase (SOD) (a), Mn SOD (b), catalase (c), glutathione peroxidase (GPX) 1 (d) and GPX4 (e) in pancreatic islets of C57BL/6 mice of both sexes that had been injected with multiple low doses of streptozotocin (MLD-STZ), or with the solvent as controls (C). Islets were isolated on day 1 (1) and day 3 (3) after the final injection. Shown are the RT-PCR products and means ± SEM of the ratio of the target gene to β-actin mRNA from four independent experiments. The mRNA expression of all five enzymes was not affected by MLD-STZtreated male mice, but was significantly up-regulated in female mice. *p<0.05 vs controls; **p<0.01 vs controls; ***p<0.001 vs controls; M, marker Effect of STZ exposure on GPX activity. Islets of both sexes were incubated with 6 mmol/l STZ or with the solvent as controls. STZ significantly reduced the GPX activity in islets of male mice (p<0.01); the levels decreased from 29.54±5.9 to 11.44±1.9 mU/mg protein. generation, but it increased mRNA in all five antioxidative enzymes as well as increasing GPX activity. The local MLD-STZ effects described in islets are presumably organ specific, as MLD-STZ failed to affect the mRNA expression in liver specimens of both sexes. Thus, our data emphasise the presumed impact of cytoprotective enzymes in beta cell defence mechanisms against ROS. They also support studies demonstrating resistance to diabetes in bioengineered mice that overexpress antioxidative enzymes targeted at beta cells [6, 7, 8] . Moreover, our ex vivo results are consistent with several in vitro findings indicating that insulin-producing cells transfected with ROS-inactivating enzymes combat dam- In vitro glutathione peroxidase (GPX) activity in groups of 300 pancreatic islets isolated from C57BL/6 mice of both sexes that had been incubated (37°C, 30 min) with 6 mmol/l streptozotocin (STZ), or with the solvent (0) as controls. Data are means ± SEM of four independent experiments. The GPX activity was significantly reduced in islets of male mice, but significantly increased in those of female mice. **p<0.01; ***p<0.001 age induced by oxidative stress [9, 10, 11] . However, the effect on local ROS generation has not been measured in islets of transgenic mice or transfected insulin-producing cells overexpressing antioxidants. Our data are the first to relate MLD-STZ-induced H 2 O 2 generation to diabetes susceptibility. This observation is important because it strengthens assumptions described previously by this laboratory [21] . Briefly, in vitro, STZ stimulates generation of hydroxyl radicals ( · OH), the most toxic species of the group of ROS, in isolated islets. In the cascade of ROS generation, H 2 O 2 is required to promote the formation of · OH in the presence of Fe ++ , which can catalyse the Fenton reaction to convert H 2 O 2 into · OH and H 2 O. Thus, the sequence of reactions stimulated by STZ in vitro may reflect similar interactions in vivo. In addition, there is indirect evidence for mitochondrially derived ROS formation, as the very marked up-regulation of Mn SOD in islets of MLD-STZ-injected female mice may reflect efficient metabolisation of O 2 −· resulting from respiratory chain reactions.
To generate H 2 O 2 , both moieties of STZ are required, since neither methylnitrosourea nor D-glucose alone does so. Thus, specific direction of STZ to the beta cells and transportation into intracellular compartments by the facilitative GLUT2 is essential for the stimulation of the deleterious signal cascade [14, 31] . Presumably, the diabetogenicity of STZ in the MLD-STZ system is determined by ROS generation, as STZ and methylnitrosourea are similar alkylating agents in vitro [19, 32] , but methylnitrosourea is not diabetogenic [20] . Moreover, the alkylating potential of STZ in the MLD-STZ system remains to be shown.
Assessing the mRNA expression of Cu/Zn and Mn SOD, catalase, GPX1 and GPX4, Tiedge et al. [12] found expression of Cu/Zn and Mn SOD, as well as of GPX4 but not of GPX1 in isolated rat islets, and expression of Cu/Zn and Mn SOD and catalase, but not of GPX1 and GPX4 in RINm5F cells. In contrast, we found gene expression of all five antioxidative enzymes in murine islets ex vivo. Therefore, the activity of GPX1 in rat islets described by Tiedge et al. [12] is supported by our data showing its gene expression. Whether the described differences are species dependent and modulate susceptibility to STZ remains to be tested. Concerning the translation of RNA levels into activities, we assume that the reduced and increased RNA levels of the present study reflect diminished and augmented protein activities respectively. This is similar to our findings regarding GPX activity, as described above, and to recent reports demonstrating that RNA levels determine enzyme activities, as observed for CuZn and Mn SOD, catalase and GPX, and are usually translated into activities [11, 12] .
Whether the slight increase of catalase and GPX1 in male mice is biologically efficacious remains to be resolved.
The generation of ROS by MLD-STZ is probably involved in the development of diabetes. Although STZ is not an ROS generator as such, it may interact with islet cell components in a way that triggers the cascade of ROS formation. In vitro, STZ stimulated O 2 −· generation in the presence of the xanthine oxidase system [32] and in isolated submitochondrial particles [21] . This enhanced O 2 −· generation activates the vicious cycle of the complex molecule interactions in the cascade of ROS formation. In islets of male mice, an imbalance develops in favour of ROS, which may damage beta cell structures. Female mice, on the other hand, can cope with this oxidative stress through antioxidative enzyme responses, preventing damage to their beta cells. It is assumed that the inversed MLD-STZ-induced responses of oxidants and antioxidants are regulated by the sex-determining hormones. The experimental design to test this assumption would be to study the effect of acute pre-treatment of male and female mice with oestradiol and testosterone respectively, and to perform long-term sexual changes by castration and ovarectomy. Such experiments would complement those demonstrating sex-dependent susceptibility to MLD-STZ diabetes [34, 35] . The results could further elucidate the impact of ROS in MLD-STZ diabetogenesis.
Once available, ROS may activate the transcription factor NF-κB in islets [16] , which is involved in gene activation of pro-inflammatory cytokines [36] , and it may sustain local inflammatory reactions. In the group of ROS, H 2 O 2 was shown to be an activator of NF-κB [37] . Thus, depending on the type of reaction, cells can respond to ROS with antioxidative, protective activities, or can use them as second messengers in signal transduction [17, 38] .
Finally, the unexpected in vitro data are discussed, which indicate similar responses in basal and D-glucose-stimulated IRI release in islets of both sexes. We propose that the STZ-and H 2 O 2 -stimulated IRI results are caused by passive leakage due to immediate effects, damaging other beta cell structures in addition to GLUT2. Therefore, the signalling pathway for responding to a challenge is disturbed. Apparently, due to multiple effects on beta cell structure, exposure of islets to extracellular H 2 O 2 or STZ does not reflect effects of intracellular STZ-stimulated H 2 O 2 generation and antioxidative responses, which are assumed to be relevant for beta cell function in vivo. Thus, applying only in vitro IRI responses of isolated islets may not be sufficient to understand in vivo mechanisms.
In summary, this study shows that MLD-STZ stimulates H 2 O 2 generation in pancreatic islets of diabetessusceptible C57BL/6 male mice, but does not affect the mRNA expression of the antioxidative enzymes Cu/Zn and Mn SOD, catalase, GPX1 and GPX4. However, MLD-STZ does transiently reduce GPX activity. In contrast, in female mice, MLD-STZ up-regulated all five antioxidative systems, which may confer resistance to H 2 O 2 generation and diabetes. The results suggest that antioxidative strategies may be warranted for beta cell transplants and for prevention and intervention in patients with high risk of Type 1 diabetes.
